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ABSTRACT 
Electromagnetic coils form the basis of magnetic particle imaging (MPI) scanners. 
Previous scanner designs employ Helmholtz coil arrangement which has low sensitivity 
and high cost of fabrication. Furthermore, the scanners have long signal acquisition time 
and high memory requirement. This research focuses on developing a simple, low-cost 
and low memory demanding one-dimensional MPI scanner capable of imaging the 
position and concentration of magnetic nanoparticles (MNPs), using electromagnetic coils 
in the form of solenoids. The scanner produces an oscillatory magnetic field to excite the 
MNPs and a static magnetic field to confine the region of interest. The MNPs reacted with 
a nonlinear magnetisation response, inducing a voltage signal that was measured with an 
appropriate gradiometer pickup coil. In Fourier space, the received voltage signal consists 
of the fundamental excitation frequency and harmonics. This research utilises the second 
harmonic response of the MNPs to determine their position and concentration. Analogue 
Bandpass and Bandstop filters were designed for signal excitation and reception. Resovist 
and Perimag MNPs in liquid and immobilised form were used as tracer materials, which 
were moved to different spatial positions through the field of view (FOV), to record the 
induced voltages. The magnitude response of the Bandpass filter with 22.8 kHz 
fundamental frequency shows a flat amplitude in the passband with a smooth roll-off rate 
of ±80 dB/pole, while the Bandstop filter efficiently attenuates the fundamental frequency 
and passed the 45.6 kHz second harmonic frequency. Results of the excitation coil design 
revealed that a magnetic field within the range of 0.8 mT to 4.4 mT was obtained, while a 
voltage in microvolts range was induced in the gradiometer pickup coil. The contour maps 
derived from imaging one and two samples of the MNPs in the XY-plane revealed their 
position and shape. Additionally, the average threshold of the peak signal amplitude was 
obtained as 10.63 µV that would indicate the presence of MNPs concentration sufficient 
for cancer detection. The developed single-sided MPI scanner has a spatial resolution of 
less than 1 mm, a pixel resolution of 51.5 megapixels and 42.1 ms image acquisition time. 
Thus, the outcome of this research showed that the developed single-side MPI scanner has 
a potential in the detection of MNPs, which could help in sentinel lymph node biopsy for 
breast cancer diagnosis.
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ABSTRAK 
Gegelung elektromagnet membentuk asas pengimbas zarah magnet (MPI). Rekaan 
pengimbas sebelumnya menggunakan pengaturan gegelung Helmholtz yang 
mempunyai kepekaan yang rendah dan kos fabrikasi yang tinggi. Selain itu, pengimbas 
mempunyai masa ambilan isyarat yang lama dan memerlukan memory yang tinggi. 
Kajian ini tertumpu kepada pembangunan pengimbas MPI yang ringkas, berkadar 
rendah dan pengunaan memory yang rendah dalam satu dimensi yang mampu 
mengimbas kedudukan dan kepekatan nanopartikel magnetik (MNPs), dengan 
menggunakan gegelung elektromagnet dalam bentuk solenoid. Pengimbas 
menghasilkan medan magnet oscillatory bagi mengalakkan MNPs dan medan magnet 
statik untuk menghadkan kawasan tertumpu. MNP memberi tindak balas kepada 
nonlinear magnetisation, dan menghasilkan isyarat voltan yang diukur dengan 
gegelung pikap gradiometer yang bersesuaian. Di dalam ruang Fourier, isyarat voltan 
yang diterima terdiri daripada asas frekuensi pengujaan dan harmonik. Kajian ini 
menggunakan tindak balas harmonik kedua MNP untuk menentukan kedudukan dan 
kepekatan MNP. Penapisan Bandpass dan Bandstop Analog telah direka bagi 
pengujaan dan penerimaan isyarat. MNP Resovist dan Perimag dalam bentuk cecair 
dan immobilized telah digunakan sebagai bahan pengesan, yang dialihkan ke 
kedudukan spasial yang berlainan melalui bidang pandangan atau dikenali sebagai 
Field of View (FOV), bagi mencatat voltan teraruh. Tindak balas magnitud penapis 
Bandpass dengan frekuensi asas 22.8 kHz menunjukkan amplitud rata di passband 
dengan kadar roll-off pada ± 80 dB / pole, manakala penapis Bandstop cekap 
mengatasi frekuensi asas dengan 45.6 kHz dan melepasi frekuensi harmonik kedua. 
Keputusan menunjukkan reka bentuk pengujaan gegelung medan magnet didalam julat 
antara 0.8 mT hingga 4.4 mT telah diperoleh, manakala pelbagai nilai voltan dalam 
mikrovolt diinduksi ke dalam gegelung pikap gradiometer. Peta kontur yang 
diperolehi daripada pengimejan satu dan dua sampel MNP dalam XY-plane 
menunjukkan kedudukan dan bentuknya. Di samping itu, maksima purata isyarat 
puncak amplitud diperolehi adalah 10.63 μV yang akan menunjukkan kehadiran 
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kepekatan MNP yang memadai untuk mengesan sel kanser. Pengimbas MPI satu 
dimensi yang dimajukan mempunyai resolusi spatial kurang dari 1 mm, resolusi piksel 
51.5 megapixel dan masa pemerolehan imej 42.1 ms. Oleh itu, hasil kajian ini 
menunjukkan bahawa pengimbas MPI satu dimensi yang dimajukan mempunyai 
potensi untuk mengesan MNPs, yang boleh membantu dalam biopsi nodus limfa 
sentinen untuk diagnosis kanser payudara. 
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1 CHAPTER 1 
INTRODUCTION 
1.1 Research background 
Magnetic particle imaging (MPI) is an innovative imaging modality that carries out a 
direct measurement of the magnetisation of ferromagnetic nanoparticles to quantify 
their local concentration. Superparamagnetic iron-oxide nanoparticles (SPIONs) are 
usually employed as tracer substance in MPI, due to their tiny size and exhibition of 
superparamagnetism. These SPIONs are injected into a target area, then excited by an 
external magnetic field (drive field) and the response of the particles is recorded, which 
is proportional to the concentration of the SPIONs (Gleich 2013, Saritas et al., 2013 
& Sadiq et al., 2015). 
MPI technique was invented in 2001 by Bernhard Gleich and Jürgen 
Weizenecker, who first reported about the concept in 2005. MPI offers a unique 
combination of features that sets it apart from other conventional methods for medical 
imaging. An essential theory for describing the magnetic behaviour of 
superparamagnetic particles is the Langevin theory, which is evident from the 
assumption that the particles are always in thermal equilibrium (Gleich & 
Weizenecker, 2005).  
The spatial distribution of magnetic nanoparticles (MNPs) used as tracer 
material can be determined by measuring the change in magnetisation of the tracer 
material in a time-varying magnetic field. Figure 1.1 demonstrates the particle 
magnetisation, showing the relationship between the external magnetic field applied 
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to the MNPs and their magnetisation response. The nonlinearity of the MNPs response 
is depicted by the green curve in Figure 1.1. M is the magnetisation of the magnetic 
nanoparticles while H is the applied excitation magnetic field with peak-to-peak 
amplitude of A to -A. 
 
 
Figure 1.1: Particle Magnetisation (Borget et al., 2012) 
The dynamic region of the magnetisation curve is nonlinear when a periodic 
signal of -A to A is applied, while the saturation region started when the area used is 
above A. No further magnetisation is produced at saturation, and this results in the 
presence of harmonics in the established signal. The magnetization response M(t) with 
respect to time is shown next in Figure 1.1, while the corresponding voltage signal s(t) 
in time domain is shown after that. The harmonics from the magnetisation of the 
particles are obtained by conducting a fast fourier transform on s(t) to reveal the 
harmonic spectrum, Sn as shown in the last plot of Figure 1.1. The amplitude of the 
voltage signals recorded at these harmonics are used to reconstruct tomographic 
images that will indicate the existence of the magnetic tracer material. To spatially and 
temporally decide a spreading of SPIONs tracer within a patient, the communication 
between static and dynamic magnetic fields and the typical magnetisation behaviour 
of the tracer material is exploited. 
The dynamic magnetic field (also known as the excitation field) is generated 
by an excitation coil with an AC signal source. The static magnetic field on the other 
hand is generated by a gradient coil (selection field coil) with a DC signal source. The 
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excitation magnetic field is superimposed on the selection magnetic field to create the 
field-free region, where only the magnetic nanoparticles contribute to the recorded 
signal. 
MPI offers some advantages over other medical imaging methods, which could 
make it a suitable technique for clinical examinations (Knopp & Buzug 2012, Gräfe et 
al., 2012). The first advantage of MPI is the quantitative measurement. The measured 
MPI signal is directly proportional to the concentration of the tracer material (follows 
a system of linear equations). That is, the higher the concentration, the stronger the 
signal received and vice versa. This means that no signal will be recorded when there 
is no tracer material present in the target area. The concentration to signal correlation 
is known to exist from other methods in nuclear medicine, such as the single photon 
emission computed tomography (SPECT), magnetic resonance imaging (MRI) and 
positron emission tomography (PET). 
Secondly, MPI offers high spatial and temporal resolution. This advantage can 
further be utilised to implement a real-time MNPs imaging. The third advantage of 
MPI is high sensitivity in imaging. The MPI signal is acquired directly from the tracer, 
not from the tissues. This feature makes the sensitivity of MPI much superior to that 
of MRI. Additionally, MPI offers flexibility in the selection of acquisition parameters, 
to achieve a particular sensitivity or resolution. 
Fourthly, there is no ionisation radiation in MPI. The magnetic fields used in 
MPI are either periodic or static, which pose no risk to patients (no adverse or long-
term effects). Finally, MPI signals were reported to be acquired in less than 0.1 seconds 
as compared to other imaging modalities that have acquisition time of over one minute. 
MPI as a medical imaging modality finds applications similar to that of the 
established modalities, for instance in diagnosis and treatment of diseases, and cell 
tracking and labelling. Moreover, MPI targets applications demanding fast, dynamic 
imaging, such as blood flow visualisation in the case of coronary artery diseases, 
cancer identification, for example, sentinel lymph node biopsy (SLNB) or any 
application where tracers are employed for diagnosis using a PET, SPECT or MRI 
(Gleich et al., 2012). In conjunction with advances in imaging technologies such as 
MRI, computed tomography (CT), and fluoroscopy, MPI as a novel imaging 
technology, however, is promising in holding excellent imaging properties of sound 
spatial resolution, high signal-to-noise ratio (SNR), and high sensitivity without 
ionising emission (Utkur et al., 2017). 
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The concept of MPI is best described with magnetic nanoparticles (tracers), 
that is superparamagnetic iron-oxide nanoparticles. Magnetic nanoparticles are the 
materials employed in MPI as tracers because they are easily manipulated with 
magnetic fields. The size of MNPs used in MPI is mostly between 1–130 nm, which 
shows superparamagnetism at room temperature (Kang et al., 2017). The physical and 
chemical properties of MNPs primarily depend on the synthesis method and chemical 
structure. MNPs are of increasing interest due to their nanometer scale, which allows 
them to interact on the cellular or even molecular level (Felicetti et al., 2016). They 
can be optimised for uptake in cells, or functionalized with biologically active 
coatings. The application of oscillating magnetic field can produce a nonlinear 
magnetisation effect. The harmonic frequencies of the nanoparticle can be used to 
quantify the nanoparticle concentration. Additionally, MNPs have also become the 
focus of much research recently due to its unique physical properties, non-toxicity, and 
its ability to function at the cellular and molecular level of biological interactions 
(Othman, 2014). These shows the potentials of MNPs to be use in biomedical fields. 
The magnetisation of the magnetic nanoparticles in response to an alternating 
magnetic field is approximated by the fundamental Langevin formula, which describes 
both the frictional forces (Brownian rotation) and random forces (Neel rotation) of 
small particles (Dieckhoff et al., 2016). Brownian rotation is an internal rotation of the 
particles, in which the particles rotate as a rigid body and together with its magnetic 
moment (assuming a spherical magnetic particle shape) (Zhao et al., 2016). The Neel 
rotation, on the other hand, is the rotation of the entire hydrodynamic volume. It 
describes the degree of rotation of the magnetic moments to rotate concerning the 
particle itself (Khandhar et al., 2013).  
According to Shah et al., (2015), the Neel and Brownian rotation processes 
interact at equilibrium and the one having shortest time will dominate. This is called 
combined rotation. 
1.2 Problem statement 
Magnetic particle imaging as an imaging modality is still in the preclinical stage. 
Hence the need for diverse MPI scanner designs and instrumentations, to show its 
potentials to compete with other established imaging modalities like the computed 
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APPENDIX A: ELECTROMAGNETIC COILS BOBBIN DESIGN USING 
SOLIDWORKS SOFTWARE 
 
 
Bobbin for Excitation and Selection field coils 
 
 
 
Bobbin for Gradiometer pickup coils 
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APPENDIX B: DATA LOGGING SET-UP IN LABVIEW 
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APPENDIX C: PSEUDO CODE OF KACZMARZ ALGORITHM 
 
 
function [ C ] = KaczmarzAlgorithm ( S, u, k, plot ) 
% this function is used to compute the concentration of magnetic 
nanoparticles 
% unsing Kaczmarz Algorithm 
%% Coded by 
% Abdulkadir Abubakar sadiq 
% ge140033@siswa.uthm.edu.my 
%% %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
close all; clear all; clc; 
%% inputs 
% u    : induced voltage signal 
% S    : system matrix 
% k    : number of iterations 
% C    : concentration of magnetic nanoparticles 
 
 function [C, sol] = Kaczmarz() 
 S = peaks(169); 
 u = peaks(13); 
 C0 = rand(1,13)*169; 
 sol = A\b; 
 fprintf('Solution of system is : %1.3f , %1.3f\n',sol(1), 
sol(2)); 
  
x = x0; 
m = size(S,1); 
 for k=1:length(C)-1 
 
close; 
hold on; 
  
f1 = @(C)u(1)/S(1,2) - S(1,1)/S(1,2)*C; 
f2 = @(C)u(2)/S(2,2) - S(2,1)/S(2,2)*C; 
fn = @(C)u(n)/S(n,m) - S(n,1)/S(m,2)*C; 
 
fplot(f1,[-30,30],'b'); 
fplot(f2,[-30,30],'r'); 
fplot(fn,[-30,30],'m'); 
plot(sol(1), sol(2),sol(n)); 
  
maxIter = 50; 
Iter = 0; 
while(norm(S*C - u) > 1e-6 && Iter < maxIter) 
 for i = 1 : m 
 Cprev = C; 
 C = C + (u(i) - S(i,:)*C)*S(i,:).'/norm(S(i,:).')^2; 
 plot([Cprev(1),C(1)],[Cprev(2),C(2)],'u--.'); 
 Iter = Iter + 1; 
 pause(1); 
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 end 
hold off; 
  
end 
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